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EXCITATION OF MAGNETOPLASMA OSCILLATIONS
IN SEMICONDUCTOR STRUCTURES BY FLUXES OF CHARGED PARTICLES

Abstract. The subject of the papers is the processes of analysis and physical model of excitation (amplification) of
magnetoplasma oscillations (helicons) by fluxes of charged particles (electrons) in the presence of a constant magnetic field. This
model is based on the Cherenkov mechanism for converting kinetic energy of particles into the energy of natural electromagnetic
oscillations of solid-state (semiconductor) structures under resonance conditions when the particle velocities coincide with phase
velocities of oscillations. The aim here is to justify the formulation of theoretical studies basing on the proposed physical model of
generation (amplification) of electromagnetic oscillations (emergence of oscillation instabilities, i.e., exponential growth of their
amplitude). We define parameters intervals for the external magnetic field, particle fluxes and types of semiconductor structures
which this physical model is applied to. We perform theoretical study of the influence charged particle fluxes have on waveguide
characteristics of semiconductor structures. The study justifies the possibility of generation and amplification of magnetoplasma
oscillations in the submillimeter range. Our objectives are theoretical studies of the interaction of moving charges with
electromagnetic oscillations of a semiconductor structure under conditions of Cherenkov radiation. The methods used are the
method of successive approximations for solving the dispersion equations for a system of charged particle flux - semiconductor
structure within the framework of hydrodynamic approach. The following results are obtained: Theoretical studies of the functioning
of semiconductor components of electrical radio equipment in the presence of charged particle fluxes have been carried out. It is
shown that the effect of the particle flux is characterized by the emergence of oscillation instabilities in the semiconductor structure.
We have determined one of the mechanisms for the excitation of magnetoplasma oscillations based on the interaction of moving
charges with the intrinsic fields of the structures that constitute a semiconductor unit. Such equipment failures occur under conditions
of Cherenkov radiation. We have shown that this interaction leads to appearance of a mode of oscillation generation. The results of
a comparative analysis of the data obtained in this work make it possible to use the proposed physical model to determine the criteria
for the occurrence and development of instabilities of magnetoplasma oscillations. Conclusions. The results obtained in this work
can be used in the development of active microwave range devices (amplifiers, generators and transducers of electromagnetic oscillations
of the millimeter and submillimeter bands). The comparative analysis of quantitative estimates of the growth rates of oscillation
instabilities, depending on the spatial configuration of the acting field (when induced current is parallel to the structure boundary),
carried out in this work, provides a solution to the problem of optimizing the operating characteristics of active microwave devices.
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instability increment.

Introduction

Studies of the possibilities of exciting surface
plasma oscillations by a flux of charged particles moving
along the surface of a conducting solid were carried out
within the framework of the hydrodynamic approach in
[1-9]. In these staties, it was assumed that the behavior of
the beam particles is of a collective nature, i.e. the energy
of its own (plasma) oscillations can be converted into the
energy of oscillations of the medium.

In this section, we discuss the kinetic mechanisms of
this kind of interaction, which are independent from the
collective properties of the beam particles, are partially
individual by nature and are caused by resonance relations
between the phase velocities of the excited waves and the
velocity of the beam particles. The interest in such studies
is justified by a number of reasons. First, the objects of
excitation are waves whose phase velocities are less than
their volumetric velocities, which expands the possibilities
of excitation of such waves in conducting solids, where the
drift wvelocities are small. In addition, sources of
electromagnetic radiation can be created in a vacuum,
where the carrier velocities are an order of magnitude
higher than the drift velocities. Finally, the use of third-
party sources expands the possibilities of exciting various
types of electromagnetic oscillations since the choice of a

source can be determined by their polarization. In this
paper, we develop a kinetic theory of interaction of
surface electromagnetic oscillations with sources of
electromagnetic radiation that move along the interface.
We also propose a method to determine probabilities with
which particles emit or absorb oscillation energy and
formulate Kinetic equations that describe the change in
the number of surface oscillations.

Task solution

Let us consider the interaction of a helicon and a
particle moving in a magnetoactive plasma along a helical
trajectory relative to a constant magnetic field [8]. We
choose the coordinate system in such a way that the 0Z
axis is parallel to the direction Hg along which the particle
moves with constant speed vy, . The velocity components
along X and Y axes are respectively equal to:

M

where R — Larmor radius, oy — cyclotron frequency of

an electron with charge e and mass m.
A charged particle creates current in the plasma, the
density of which is determined by the equation:

§=eV8(x=x%)8(y~Y0)8(z~Vort),

Vox =—Roy sinoyt,voy =-Roy cosoyt,

@
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where Xy =Rcosoyt, yg=-Rsinoyt. 3)

The system of equations describing the interaction
of a particle with a helicon in magnetized plasma has the
following form:

16H =~ 1

rotE:———, E+- UH =O;
c ot C[ 0]

16D 4 t “
rotH =="=+-"]; D =4nen, f udt,

c ot .

where U is the velocity of the conduction electrons of the
medium and nq is their concentration. Using the Fourier

expansion, we represent the electromagnetic field created by
a particle as a set of space-time harmonics. For example, the
strength of the electric field in a medium at an arbitrary point
I atatime t is determined by the equation:

E(F.t)= Ojo dofdgE(w.q)e @), ()

where @ is the wave vector, o is the wave frequency.

Taking the value of the electric field strength at the point
where the charged particle is located, i.e. at the point

F=ro(t), ro(t)=(Xo.Yo.Vost) and using the equation
to find the energy loss of a particle per unit time

de_ evE| ©)
dt  Ir=n(t)’
E _ ieR(OH «
dt 2
we get: E (od) et _ | )
XJ‘ +(c0,Q) . I(qro_mt)dcodﬁ.
—-E_(o,q)e"H
After integration over o we get:
de i(eRoy )’
= 3 VozX
dt nc?
" - ©)
) g, dq,
x[a, 37 (auR)da, x [ ———=—,
0 “o 4L +0z —Yo
- ., 4mengV, ,  2mhgmvgp,Vv
where §=go +igp; G = ——05; gy = —— 24—,
Hoc HO

o >> g . Here qg is the value of the wave vector of the
helicon under the conditions of Vavilov-Cherenkov
resonance g =0,Vo, , Where og = qqZHoc/(4nen0).
Assuming qgR <<1, find the loss of a particle at
Vavilov-Cherenkov radiation of helicons:

do__ R,
dt 32¢2 '

If we introduce the magnetic moment generated by
a charged particle rotating in the plane XY,

Mg, = mvdz)/(ZHO) where vg =V, +v§y =R2w? then

©)

equation (9) takes the following form:

2 4
de Mg, 00V,
dt 8

So the energy a particle loses during emission of
Vavilov-Cherenkov helicons can be interpreted as
interaction of a magnetic dipole with the magnetic field
of the wave created by the dipole. Knowing the energy
losses due to emission of Vavilov-Cherenkov helicons,
we define the collisionless damping of these waves. For
this purpose, for g; R <<1, we rewrite equation (9 ) as:

(10)

E_zdsq
dt q dt

Changes in the number of bosons (helicons) per unit
time resulted from their interactions with conduction

electrons ng being in the state k=mv/h can be

(11

calculated by the Kkinetic equation:

ONg 2 2

g _cem L I
=T ‘Wkl,q,kz‘ 8(E; ~ E —hoog ) x
ky.ko

{(Nq +1)ng (1-ng )= Ngng, (1-n ﬂ (12)

ky =k~
where Ng is the number of helicons in a state with a wave
vector q; hwog is the energy of the quantum of the
electromagnetic field of the helicon; lel 0k, is the matrix

element of the Hamiltonian of the interaction of
electromagnetic oscillations and electrons. The first term
in (8) determines the probability of transitions per unit time
such that an electron from a state with energy E; transits

to a state with energy E, with emission of a quantum of
energy of electromagnetic field Ao ; the second term is

the transition with the absorption of the quantum. The

collisionless damping of the helicon v is equal to:
1 ONg
y=o—1. (12)
2Ng ot

Consider the interaction of helicons with an electron
beam, the distribution function of which is described by
the expression:

L2

- n (P— Po)

fb(p)=¢xexp ——, (13)
(2nmT, )2 2mT,

where ngy, is electron density in a beam, T, is their

temperature in energy units and Py = ( Pox Poy pOZ) is

constant. When pgy = pgy =0, decrement (increment)
of helicons is equal to:

n mT, g,V
Y1=Y0Lb —2 (1_—2 OZ]-

14
ng \ meT g (14

It is obvious from (14) that the amplification of
helicons is possible if the beam velocity along the constant
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magnetic field exceeds the phase velocity of the wave in (Vo = 3.10% cms, Ny ~ 10t cm?), energy losses for
the same direction. Thus, the energy loss of a particle

moving along a helical line relative to a constant magnetic ~ helicon excitation ( ~ 10151, g ~3cm?) are equal to
field is equivalent to the energy loss of a magnetic dipole de de
spent for the excitation of helicons. In this case, the dipole at al” 1 pw.
moves along Hy .

This mechanism underlies the drainless damping Conclusions

(amplification) of helicons. The research results revealing the mechanisms of
Analysis interactions between charged particles and helicons, which

i L i . has been obtained in this work can be useful in solving

It was shown in [9] that the radiation of helicons is o ctical problems of radiophysics. This is due to a number
small in comparison to the radiation of the charge. ¢ featyres of this kind of magnetoplasma oscillations.
Indeed, in a quantizing magnetic field, when the  pirgt these waves exist in a wide frequency range,
transverse energy of the oscillator is equal oy /2, the  regardless of the ratio between the signal frequency and
magnitude of the magnetic moment is equal to Bohr the collision frequency of charge carriers in classical and
029 quantizing magnetic fields. Second, they have relatively
low phase velocities and can interact with acoustic
vibrations in semiconductors due to the inductive coupling

=102 (qoR)* W when ggR ~107

magnetron e#/2mc =1 erg/g and is negligible in
comparison with its value in classical case

My, = mv(% /(2 Hy)~10erg/g, of conduction electrons and the crystal lattice. And, finally,
since the components of the magnetic field of the helicon
where Vo = 10%sm /s, Hy =~ 10%E. are small in comparison with the electric field, then at the

. . semiconductor-ferrite interface, coupled helicon-spin
For an electron bunch in the form of a sphere with g rface waves emerge, at certain frequency intervals,
radius of a =10"*cm, with current density j ~100A/cm?  which can be used to filter electromagnetic oscillations.
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30y1iceHHs MarHiTOIUIa3MOBUX KOJIMBAHDb Y HANIIBIPOBIIHMKOBHUX CTPYKTYPAaX MNOTOKAMH 3apPS/IZKEHUX YACTOK
0. A. Cepxos, B. C. bpecnaseus, 1. B. SIkosernko, A. A. domeHKo

Anoranis. Ilpexmer nocaizxenns — nmpouecy aHanizy Ta GpizndaHoi Mozeni 30y keHHs (OCHISHHST) MarHiTOIIa3MEeHHIX
KoJsiec (TeTiKOHOB) IOTOKIB 3apA/PKCHUX YAacTUH (€NEKTPOHIB) NMPH HASBHOCTI MOCTIMHOro MarHiTHoro mois. JlaHHa Mozenb
0a3yeTbCsl HAa YEPEHKIBCHKOMY MEXaHi3Mi MepeTBOPEHHsI KIHETUYHOI eHeprii YaCTHHOK Ha €HEprilo BIACHUX €JIEKTPOMAarHiTHUX
KOJIEKTOPiB TBEPAOTUILHUX (HAIBIPOBIJHUKOBHX) CTPYKTYP B YMOBaX PE€30HAHCY, KOJIM MIBUIKICTh YAaCTKU Ta (a30Bi MIBUIKOCTI
KOJIMBaHb CIIBMaAaloTh. MeTa cTaTTi — 00IPYHTYBaHHS OCTAHOBKH TEOPETHYHUX JOCITIPKEHb Ha 6a3i 3amponoHoBaHoi (i3uaHOT
MoJieNTi reHepalii (TOCHIICHH) eIeKTPOMAarHiTHUX KOJIMBAHb (TIOSIBH HECTIMKOCTEH KOJIMBaHb, TOOTO EKCIIOHEHIIaIbHOTO MOCTa iX
amInTiTyan). BusHaueHo o0iacti mapameTpiB 30BHIIIHBOTO MArHITHOTO IIOJISI, MOTOKIB YaCTHHOK 1 THIIB HaNiBIPOBITHUKOBHX
CTPYKTYp, TIPH SKUX peaji3yeTbcs NaHa (iznmuHa Monenb. IIpoBeeHo TeopeTHdHi JOCHiIKEHHS BIUIMBY ITOTOKIB 3aps/PKEHUX
YaCTHHOK Ha XBHJILOBE XapaKTEPUCTHKH HAIIBIPOBITHUKOBUX CTPYKTYp. BOHH moOKa3anm MOXIMBICTE reHepamnii Ta HOCHICHHS
MarHiTOIUIa3MOBHX KOJIMBAaHb CyOMUIIMETPOBOTO Aiaa3oHy. 3aBIaHHsI . TEOPETHYHI JOCTIKEHHS B3aEMOIT PyXOMHUX 3apsiiB 3
CJICKTPOMATrHITHUMH KOJIMBAaHHSIMH HAIiBIPOBIIHHUKOBOI CTPYKTYpH B YMOBaX YEpPEHKOBCKOTO BHUIIPOMiHIOBaHHSA. MeToau
JIOCJTiIZkeHb: METOA MOCHIIZOBHUX HAONMMKEHb pIlIeHHA AWUCIEPCIHHUX DPIBHAHb CHUCTEMH IMOTIK 3apSPKEHHX YAaCTHHOK -
HAIIBIIPOBIIHUKOBA CTPYKTYpa B paMKax TiApoAuHaMiuHOrO migxony. Pesyabratm pocaimkenb. IlpoBeneHo TeopeTwdHi
JIOCHi/KeHHs. (YHKLIOHYBaHHS HAMIBIPOBITHUKOBHX KOMIUICKTYIOUHX €JEKTPOPagioBUpOOiB TpPH HASIBHOCTI IOTOKIiB
3apsPKeHUX 4acTHHOK. [TokasaHo, IO BIUIMB MOTOKY YaCTHHOK XapaKTEPU3YETHCS BUHMKHEHHSM HECTiHKOCTeH KOJHMBaHb
HaIiBIPOBITHUKOBOI CTPYKTypH. BU3HaueHO OAMH 3 MeXaHi3MIB HOpYIIEHHS MAarHiTOIUIa3MOBHX KOJIMBaHb, 3aCHOBaHWI Ha
B3a€MOJII{ PyXOMHUX 3apsiiiB, 3 BIACHUMHU HMOJSIMH CTPYKTYpP, KOMIDIEKTYIOUMX HalliBIpOBiAHHKOBHI BUpiO. [TomiOHi BigmoBH
peanizyloThCs B YMOBaX YEepPEHKOBCHKOTO BHIpOMiHIOBaHH:. [loka3aHo, IO JaHA B3a€MOJis HPOBOJWTH IO TOSBH PEKHMY
reHepanii KoJuBaHb. Pe3ynapTaTH MOpPIBHSIBHOTO aHai3y, OTPHMAaHHX B JaHid poOOTI PO3PaxyHKOBHX NaHUX, JO3BOJIIOTH
BUKOPUCTOBYBAaTH 3alpoNOHOBaHY (i3MyHy MOIENb AJS BU3HAUCHHS KpPUTEPIiB BUHHUKHEHHS 1 PO3BUTKY HECTIHKOCTEH
MAarHiTOIUIa3MOBUX KOJIMBaHb. BuCHOBKH. Pe3ynbratu, oTpuMani B poOOTi, MOXXYTh OyTH BUKOPUCTaHi IPH pO3pOoOIi aKTHBHUX
npwiagis HBY-mianasony (migcwiroBayiB, TeHEpaTOpiB 1 MEPETBOPIOBAYIB EINEKTPOMArHITHUX KOJHBAaHb MiTIMETPOBOTO Ta
cyOminmiMeTpoBoro miana3oHiB). [IpoBeneHuii B poOOTI MOPIBHIBHUN aHAi3 KUTBKICHUX OINIHOK iHKPEMEHTIB HECTIKOCTEH
KOJIMBaHb B 3QJISKHOCTI Bil IIPOCTOPOBOI KOHGIryparmii BIIMBae 1ol (HaBeICHUH CTPYM HapajeibHHH KOPAOHI CTPYKTYpH)
JI03BOJIS€ BUPINIYBATH 3aaqi ONTHMI3ail poO0UNX XapaKTepUCTUK akTHBHUX nmpuianiB HBY-rniamasony.

Kaw4doBi caoBa: moTik 3apsmKeHNX YaCTHHOK; €JIEKTPOMArHiTHE BHIIPOMIHIOBAaHHS; HAIIBIIPOBIIHUKOBI CTPYKTYPH;
MMOBEPXHEBI KOJUBAHHS; IHKPEMEHT HECTIHKOCTI KOJIMBaHb.

Bo30y:kIeHHe MATHUTOMJIA3MEHHBIX K0JIe0aHN#i B MOJTYNPOBOTHUKOBBIX CTPYKTYPaX MOTOKAMM 3apsKEeHHBIX YaCTHIL
A. A. Cepxos, B. C. bpecnasen , . B. SIkoBenko, A. A. domeHKO

AnHotanusa. Ilpeamer wucciegoBaHMsi — TpOLECCH aHanW3a W (Qu3MYecKas MOIENb BO3OYXKIeHHs (YCHICHHS)
MarHUTOIUIa3MEHHBIX KoNieOaHWH (TeMMKOHOB) IOTOKaMH 3apsDKEHHBIX YacTUI (RJIEKTPOHOB) TPH HAIMYUHU ITOCTOSHHOTO
MarHATHOTO TI0JIs1. JlaHHas Mozens Oa3upyeTcs Ha YepeHKOBCKOM MeXaHMW3Me MpeoOpa3oBaHMsl KHHETHUECKOH YHEPTUH JaCTHUI] B
9HEPTHIO COOCTBEHHBIX 3JI€KTPOMAarHUTHBIX KOJIEOaHUH TBEPAOTENBHBIX (TTOTYIIPOBOAHIKOBBIX) CTPYKTYp B YCIOBHUSIX PE30HAHCA,
KOT/Ia CKOPOCTH YacTHI U (pa3oBble CKOPOCTH KosiebaHuii coBnanatot. Lleas ctaTbl — 000CHOBaHHE MOCTAHOBKH TEOPETUUECKUX
HcciefoBaHui Ha 0a3e MpeIoKeHHOI (HU3HYecKol MOJIeIH TeHepaluu (YCHICH!Us ) 3JIeKTPOMAarHUTHBIX KoJieOaHHH (TIOSIBICHUS
HEYCTOMYMBOCTEH KOJIEOaHUH, T.€. SKCIIOHEHIIMAIBHOTO MOCTa UX aMIUTHTY/b1). OnpeneneHsl 00JIacTH MapaMeTpoB BHEIIHErO
MarHUTHOTO MOJIS, TIOTOKOB YacTHIl U THIIOB MOJYNPOBOAHMKOBBIX CTPYKTYp IPH KOTOPBIX peanu3yeTcsl JaHHas (u3nueckas
Mozenb. [IpoBeneHbl TeopeTHUecKre NCCISAOBAHMS BIUSHUS MMOTOKOB 3apsDKEHHBIX YaCTHIl Ha BOJHOBOJIHBIE XapaKTEPHCTHKU
MOJTYTIPOBOAHUKOBEIX CTPYKTyp. OHM TIOKa3alnu BO3MOXKHOCTH TEHEpallMd M YCHJICHUS MAarHHTOIUIa3MEHHBIX KoJieOaHwmid
CyOMMJUTMMETPOBOTO  JIHala30Ha. 3ajada. TEeOPETHUECKHE WCCIEAOBAHHUS B3aMMOACHCTBHS ABIDKYIIMXCS 3apsjoB C
NIEKTPOMATHUTHBIMU KOJICOAHUSIMU ITOJTYIIPOBOJHUKOBOM CTPYKTYphl B YCIOBHSX UYCPEHKOBCKOTO H3ITydeHHUs. MeToabl
HCCJIeOBAHUI: METO TTOCIEN0BATENbHBIX PHOIIDKEHIH PEIIeHNs AUCTIEPCHOHHBIX YPABHEHUI CHCTEMBI MOTOK 3apsDKEHHBIX
YaCcTHIl — MOJYPOBOJTHUKOBAs CTPYKTypa B paMKaxX THIPOIMHAMHYECKOr0 Moaxosa. Pe3yabTaThl necaenoBanmii. [IpoBeneHs
TEOPECTUUECCKHUE UCCIICIOBAHUA (byHKLLI/IOHI/IpoBaHI/IH MOJIyIPOBOJHUKOBBIX KOMINIEKTYIOIINUX SHGKTpOpaﬂHOI/ISﬂeHI/Iﬁ IpH HAJTMYUH
IMOTOKOB 3aps’KCHHBIX YaCTHUII. HOKa3aHO, YTO BJIMSTHUE IMOTOKA YaCTHUL] XapaKTEPU3YETCSId BO3SHUKHOBEHUEM HeyCTOﬁqHBOCTeﬁ
KoJIe0aHHH TTOTYIPOBOJHUKOBON CTPYKTYpblL. ONpeaeneH OiH U3 MEXaHU3MOB BO30YK/ICHUs] MarHUTOIIa3MEHHBIX KOJIeOaHH,
OCHOBaHHBIA Ha B3aWMOMACHCTBHM [BIDKYIIUXCS 3apsiioB, C COOCTBEHHBIMH MOJNSIMH CTPYKTYp, KOMILIEKTYIOIINX
MOTYTIPOBOAHUKOBOE mM37enue. [logoGHbIe 0TKa3bl peaan3yloTcs B yCIOBUSIX YePEHKOBCKOTo m3inydeHus. [lokaszaHo, 9To qaHHOE
B3aNMO/ICHCTBHE IIPOBOJIUT K MOSBICHUIO PEXKHMMA TeHEpaIu KoslebaHuii. Pe3yIbTaThl CpaBHUTENFHOTO aHAIN3a, TIOJTyIeHHBIX B
HacTosIeH paboTe pacdeTHHIX JAHHBIX, MO3BOJSIOT HCIIOIBb30BATh MPEINIOKEHHYIO (H3HUIECKYI0 MOJENb JUIS ONPEAEICHUSI
KpPUTEpUEB BOSHUKHOBEHHS U Pa3BUTHUS HEYCTOMYMBOCTEI MAarHUTOIUIA3MEHHBIX KojleOaHuil. BeiBoabl. Pe3ynbraThl, momydeHHbIe
B paboTe, MOTYT OBITH HCIIOJIb30BaHbI MpH pa3paboTke akTHUBHBIX mpubopoB CBU —nuamaszona (ycunurteneil, reHepaTopoB U
npeoOpa3zoBaTeneil 3JIeKTPOMAarHUTHBIX KOJIeOaHUH MHJUIMMETPOBOIO M CyOMMJLIMMETPOBOro auana3oHoB). [IpoBeneHHBIH B
paboTe CpaBHUTENBHBIH aHAIN3 KOJMYECTBEHHBIX OLICHOK HMHKPEMEHTOB HEYCTOWYMBOCTEH KoJieOaHU B 3aBHCHMOCTH OT
IIPOCTPAHCTBEHHONH KOH(UIYypanuy BO3JCHCTBYIOMIETO MOJs (HABEJCHHBIH TOK MapajuleleH TPaHHIEe CTPYKTYPhI) IO3BOJISIET
pemIaTh 3a1a4u ONTHMHU3ANH paboYHX XapaKTEePUCTHK aKTHBHBIX IpuOopoB CBY —nuamnazona.

KiaroueBble cJI0Ba: MOTOK 3apSHKEHHBIX YAaCTHLL; AIEKTPOMATHUTHOE H3JIyYCHHE; MOITYIPOBOAHUKOBBIE CTPYKTYPBI;
MOBEPXHOCTHbIE KOJIeOaHNs; HHKPEMEHT HEyCTOHYHBOCTU KOJICOaHUH.
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